Based on the color change of an indicator due to the release of hydrogen ion from a nitrilase-catalyzed reaction, a rapid colorimetric method was established for the enantioselective screening of nitrilase-producing microorganisms. The formation of acids due to the nitrilase-mediated hydrolysis of nitriles causes a drop in the pH, which in turn results in a change of color of the solution (containing indicator) that can be observed visually. The buffer (0.01 M phosphate, pH 7.2) and indicator (Bromothymol blue, 0.01%) were selected in such a way that both have the same affinity for the released protons. The enantioselectivity of nitrilases was estimated by comparing the hydrolysis of (R)-mandelonitrile with that of racemate under the same conditions. The method was used to screen a library of nitrilase-producing microorganisms, isolated in the authors' laboratory for their ability to enantioselectively hydrolyze mandelonitrile to mandelic acid, an important chiral building block. (Journal of Biomolecular Screening 2003:559-565).
INTRODUCTION
N ITRILES ARE OF SYNTHETIC IMPORTANCE owing to the ease with which they can be synthesized and further transformed into high-value amides and acids. Nitrile hydrolyzing enzymes, namely, nitrilases (EC 3.5.5.1), nitrile hydratases (EC 4.2.1.84), and amidases (EC 3.5.1.4), offer unique methods of nitrile hydrolysis, as they can be highly selective, exhibit high activity and broad substrate specificity; most importantly, they can carry out the hydrolysis at ambient pressure and temperature, which are important characteristics for their development potential as industrial biocatalysts. 1 Industrial processes including the production of acrylamide and nicotinic acid have demonstrated the commercial viability of these enzymes.
Hydrolase-catalyzed resolution of racemates are often the best routes to enantiomerically pure compounds. These reactions are highly selective and cheaper than chemical methods. To develop new processes with the aid of these enzymes, it is important to screen for new microorganisms with high selectivity and yield. All these are very time consuming if conventional methods of screening are employed. Generally employed analytical methods for screening an enantioselective biocatalyst are HPLC, GC, LC-MS, and so on, which are not readily amenable to high throughput. Hence there is a need to develop a rapid screening method in order to identify new biocatalysts with the desired selectivity. Currently, there is no plate assay for screening of nitrile hydrolyzing microorganisms, which makes the screening step as rate limiting. The intracellular nature of this class of enzymes creates diffusion problems in the solid agar media, and the detection is time consuming. However, by assaying the liquid medium (reaction mixture) for acid production, one can eliminate the diffusion problems and thus allow higher throughput in the screen.
In this article, we describe a simple, colorimetric, pH responsive method for the rapid enantioselective screening of nitrile hydrolyzing libraries. pH-sensitive indicators have been used to monitor various enzyme catalyzed reactions such as carbonic anhydrase, 2 proteases, 3 cholinesterase, 4 acidic phospholipase, 5 lipases, esterases, 6, 7 and so on. The method described here is based on a pH drop that occurs as the reaction proceeds due to formation of acid ( Fig. 1 ). The pH drop is reflected by the color change of the indicator, provided the color profile of the indicator falls into the pH range of enzyme activity. For the color change to be proportional to the number of released protons, both the indicator and the buffer must have the same affinity for the protons (pK a s within 0.1 unit of each other), so that relative amount of protonated buffer to protonated indicator remains constant as the pH shifts during the reaction. The proportionality between the rate of change of absorbance of indicator and the reaction rate is defined (when pK a s of the buffer and the indicator are the same) as the buffer factor, Q, 2,8 and is given by equation (i), where C represents the total molar concentration of buffer (B) and indicator (In), ∆ ε represents the difference in extinction coefficient between the protonated and deprotonated forms of the indicator, and l represents the path length. The true reaction rate is given by equation (ii), where (dA/ dt) is the rate of change of absorbance of the indicator. The highest sensitivity [largest (dA/dt)] occurs when Q is small. Thus, lowering the buffer concentration or increasing the indicator concentration increases the sensitivity of the assay.
A convenient way to determine enantioselectivity of nitrile hydrolyzing microorganisms is to compare the rate of reaction (in this case, color change) of a pair of enantiomers with the enzyme in question and thus estimate enantioselectivity (E). A large turnover difference between isomers means there is a good chance of successful kinetic resolution. However, the method involves the use of single isomers, so the kinetics obtained do not reflect the competition that exists when hydrolyzing the racemic mixture, and therefore the E value is only approximate. To minimize the amount of pure isomer needed, screening was first carried out using racemic substrate to eliminate the organisms that do not catalyze the hydrolysis of racemic substrate.
Here, we describe for the first time a simple colorimetric pH-responsive method for the enantioselective screening of a library of nitrilase-producing microorganisms isolated in our laboratory. The color of the indicator used (Bromothymol blue) changes from blue to yellow due to drop in pH because of acid production from nitriles by nitrilase activity. When applied to 96-well microplate, this allows rapid screening of microorganisms for nitrilase activity. The method is simple, sample saving, and most importantly less time consuming. To demonstrate the method, we screened a library of microorganisms for enantioselective hydrolysis of mandelonitrile to mandelic acid, an important building block for the synthesis of pharmaceuticals and biologically active com-pounds. [9] [10] [11] Nitrilase activity as well as the selectivity and enantiomeric excess(ee) (%) of the screened microorganisms were confirmed by performing a scaled-up version of the reaction without the presence of indicator and analyzing the test solution for the formation of mandelic acid.
MATERIALS AND METHODS

Materials
Racemic mandelonitrile, (R)-mandelonitrile, (R)-mandelic acid, and (S)-mandelic acid were obtained from Aldrich Chemical Company (Milwaukee, WI). Bromothymol blue was purchased from Sigma Chemical Company (St. Louis, MO). Isobutyronitrile was obtained from Lancaster Synthesis Limited (NewGate, UK). Buffer salts were obtained from Qualigens Chemical Company (Mumbai, India). The microorganisms Alcaligenes faecalis MTCC 126 and Bacillus stearothermophilus were obtained from Microbial Type Culture Collection (IMTECH, India). Hexane and Isopropanol were purchased from Ranbaxy Chemical Company (Mohali, India). Different media components were obtained from Hi-Media Inc. (Mumbai, India).
Microbial cultures and cultivation conditions
Alcaligenes faecalis MTCC 126 (corresponding to ATCC 8750), which is a known producer of nitrilase for mandelonitrile, 12 was grown at 32°C for 20 h in a medium of the following composition (g/l): ammonium acetate, 10; yeast extract, 5; peptone, 5; K 2 HPO 4 , 5; MgSO 4 , 7H 2 O, 0.2; FeSO 4 , 7H 2 O, 0.03; NaCl, 1; butyronitrile, 3 (pH 7.2). The preculture (3 ml) was transferred to a 100 ml medium of the same composition and was allowed to grow for 18 h at 32°C in an incubator-shaker (200 rpm). Bacillus stearothermophilus was grown at 30°C for 24 h in a nutrient broth of the following composition (g/l): peptic digest of animal tissue, 5; NaCl, 5; beef extract, 1.5; yeast extract, 1.5.
Potential nitrilase-producing microorganisms were isolated in our laboratory using enrichment culture technique. The isolates were cultivated in nutrient broth (composition mentioned above) at 30°C for mesophiles and 50°C for thermophiles for 12 h. Two ml of this culture medium were transferred to 100 ml of fresh nutrient broth containing 1 g/l isobutyronitrile and incubated at corresponding temperatures for 24 h (200 rpm). Cells were harvested by centrifugation at 5000 × g for 15 min at 4°C. The cell pellets were washed thoroughly with 10 mM phosphate buffer (pH 7.2) and finally suspended in the same buffer to give a resting cell concentration of 200 mg/ml.
Colorimetric method for nitrilase activity
The colorimetric assay method for detection of nitrilase activity was performed in a 96-well microplate format. Total reaction volume was 230 µl consisting of 201 µl phosphate buffer ( (from a 500 mM stock in ethanol), and 23.25 µl cell suspension (200 mg/ml) to yield a final substrate and cell concentration as 12.5 mM and 20 mg/ml, respectively. The plate was covered and incubated at 30/50°C for 6 h. The assay was initially tested using A. faecalis MTCC 126, which is a known producer of R-selective nitrilase toward mandelonitrile and thus acts as a positive control. 12 B. stearothermophilus acts as a negative control as it does not produce any nitrilase. After validation, the method was applied to screen a library of 60 organisms isolated in our laboratory (data for 16 of those are shown). A color change from bluish-green to yellow in the presence of these organisms was indicative of formation of mandelic acid and thus positive result. After screening with (±)mandelonitrile, the positive candidates were checked for their enantioselectivity by comparing the rate of hydrolysis of the (R)isomer with that of racemate, since the (S)-isomer is not commercially available.
Scaled-up reactions and analysis of products
To check the validity of the method, the reactions were scaled up (10 ml) and the bio-catalyzed products were extracted and analyzed by HPLC. The reaction mixtures were prepared using the same proportion of different components as described above and were incubated at respective growth temperatures of the organisms with stirring (200 rpm). After 6 h, the reaction mixtures were centrifuged (5000 × g for 15 min at 4°C) and the cells were removed. The pH of the reaction mixtures were adjusted to 8.5 with 2 N NaOH and washed with 10 ml ether. After the pH of the aqueous layer was readjusted to 1.5 with 6 N HCl, the desired product was extracted with 10 ml ether. The extracts were concentrated under reduced pressure and samples were analyzed by both RP-HPLC and chiral HPLC. The activity of the selected organisms after 24 h growth was determined by fluorometric method. 13
Analytical techniques
The amounts of mandelic acid, mandelamide, and mandelonitrile were assayed by analytical high-performance liquid chromatography (model 10AD VP) (Shimadzu, Japan) equipped with a LiChroCART ® RP-18 column (250 × 4 mm, 5 µm) (Merck, Germany) at a flow rate of 0.8 ml/min with a solvent system 0.01 M phosphate buffer (pH 4.8) and methanol (65 : 35, v/v). The retention times for mandelic acid, mandelamide, and mandelonitrile were 2.6, 4.2, and 18.3 min, respectively. A 254 nm was measured.
The optical purity of mandelic acid was determined by analysis of the enantiomers on CHIRALCEL-OD-H column (250 × 0.46 mm, 5 µm) (Daicel Chemical Industries, Japan) at a flow rate of 0.5 ml/min with a mobile phase containing hexane, isopropanol, and tri-fluoro acetic acid (90: 10: 0.2, v/v). The retention times for (S)-(+) and (R)-(-)-isomers were 15.5 and 17.5 min, respectively. A 254 nm was measured.
RESULTS
Selection of buffer and pH indicator
Since the optimum pH for nitrile hydrolyzing enzymes generally lies between 7.0 and 7.5, the pH for the assay was fixed at 7.2. The use of phosphate buffer (pK a 7.2) is customary at neutral pH to carry out biocatalytic reactions and compatible with the activity profile of the majority of nitrilases. The optimum buffer concentration for these experiments was determined to be 10 mM. This value is a compromise between low buffer concentration to maximize sensitivity (eq. (i)) and high buffer concentration to ensure accuracy.
As an indicator, we chose Bromothymol blue from the list of indicators given in Table 1 . 14 The pK a of Bromothymol blue (7.3) is located closely (0.1 unit) to that of phosphate buffer, so the color change of indicator is proportional to the changes in hydrogen ion concentration in the solution. The absorbance spectra of protonated and deprotonated forms of Bromothymol blue and the differential spectrum between them are shown in Figure 2(a, b) . The maximum difference in absorbance between the 2 forms was at 616 nm, which was used for further quantitative validation of the method. Bromothymol blue also shows a high contrast during its color transition from deprotonated form (λ max 616 nm) to protonated form (λ max 432 nm). Moreover, the large difference in extinction coefficient (∆ ε 616 nm = 15703.79 M -1 cm -1 ) between these two forms is desired to have high sensitivity (eq. (i)). Although phenol red-tris buffer system displayed much better contrast, it works best around pH 8.0 and thus can be used if the screening is to be carried out at slightly higher pH. The concentration of the indicator should be as high as possible to maximize the sensitivity (eq. (i)). Preliminary experiments were performed to confirm that nitrilase activity was not inhibited by increasing indicator concentration (data not shown). An indicator concentration of 0.154 mM (0.01%) was chosen as optimum since it is sufficient to mask the colors of both cells and substrate, as the substrate used in these experiments (mandelonitrile) is itself yellow in color.
Quantitative validation of the assay
To confirm that the color change accurately measured the released protons, the Q factor was determined experimentally and compared with the theoretical Q value. The proton release upon hydrolysis of the substrate is mimicked by addition of HCl. The absorbance at 616 nm decreased linearly owing to the protonation of the indicator for all the buffer concentrations (Fig. 3) . The reciprocal of the slopes corresponds to the buffer factor Q. The slopes increased with the decrease in buffer concentration. When Q exp and Q thr were compared, it was evident that at higher buffer strengths Q exp and Q thr approached each other, whereas deviation was greater at lower buffer concentrations. We chose 10 mM buffer strength as optimum to maximize sensitivity without compromising accuracy (Fig. 4) . The concentration of the buffer is weak enough to be saturated by the carboxylic acid being produced and drive the pH to the turnover point of indicator but also high enough to resist the minor shifts in pH due to background, which can lead to inconsistent results.
Establishment of the screening method
To prove that the method can be used for screening of nitrilaseproducing microorganisms, we chose Alcaligenes faecalis MTCC 126, 12 proved that the color changes were not due to the buffer salts or cells themselves (Fig. 5 ).
Enantioselective screening of nitrilase-producing microorganisms using mandelonitrile
To demonstrate the method, a library of microorganisms was screened for their activity toward (±)-mandelonitrile. Screening was first carried out with (±)-mandelonitrile to eliminate those microorganisms that did not show any activity toward mandelonitrile. On the basis of color turnover from bluish-green to yellow, 7 microorganisms were selected for determination of enantioselectivity ( Fig. 6) . In all the cases, the color change was monitored for 6 h. The nature of the biocatalyst and that of the substrate dictates the time frame of the assay. Since in this case the hydrolysis proceeds slowly, the time for monitoring the progress of reaction is longer.
The 7 selected organisms were simultaneously reacted with (R)-(+)-mandelonitrile and (±)-mandelonitrile for determination of enantioselectivity. Since for mandelonitrile only the (R)-(+)isomer is commercially available, enantioselectivity of the microorganisms was determined by comparing the color turnover of the (R)-(+)-isomer with that of racemate. Alcaligenes faecalis (Positive control: PC) was also reacted along with the selected microorganisms. Conclusive statements cannot be made about the selectivity of the microorganism in question if both wells (+/±) change color. Therefore, it is difficult to comment on the selectivity of organism numbers 5, 6, 7, 9, and 16, because they can be either (R)selective or nonselective in nature. Although a similar color change was observed with A. faecalis, it is known to produce (R)selective nitrilase. 12 In case of microorganism number 12, compar-ison of color change in both wells indicates its (S)-selective nature, which means that it is hydrolyzing (S)-mandelonitrile present in the racemate sparing the (R)-isomer ( Fig. 7) . It is thus suggested to run the screen with pure enantiomers to guarantee results.
Analysis of small-scale reactions
Small-scale reactions were carried out for the selected microorganisms to confirm the selectivity as well as to determine the ee (%). The yield was determined by analyzing the samples by RP-HPLC, whereas the selectivity and ee (%) were determined by chiral HPLC ( Table 2 ). The results indicate that microorganism numbers 5, 6, 7, and 11 were highly (R)-selective and organism number 12 is (S)-selective, whereas organism numbers 9 and 16 were nonselective in nature. The presence of mandelamide was not detected in any of the samples analyzed by RP-HPLC. Thus, it can be concluded that the microorganisms harbor nitrilase enzyme, responsible for the conversion of mandelonitrile to mandelic acid. HPLC results substantiate the findings from the pH indicatorbased assay method and established beyond doubt that this method can be used for high throughput enantioselective screening of nitrilase-producing microorganisms.
DISCUSSION
Process development for pharmaceuticals and fine chemicals takes place against limited capital and very aggressive time limits. Nitrile hydrolyzing enzymes, especially nitrilases, have enormous potential as industrial biocatalysts. 15 Because the bottleneck in finding a selective enzyme for a particular biocatalytic resolution process is often the screening step, implementation of a rapid enantioselective screening method is justified. By using a strategy such as the pH-responsive method described here, one can analyze large numbers of microorganisms simultaneously in a short period, thus reducing the number of samples to be analyzed in a more quantitative detail (HPLC analysis). In the present method, the pK a values of the indicator and the buffer lie close to each other (0.1 units) and the color change is linearly related to the concentration of the proton released. The assay requires very little substrate (5.75 µl of a 500 mM stock), thus allowing the use of pure enantiomers, which are not always available in large quantities. The disadvantage of the method is its qualitative nature. The presence of cells interferes with the spectrophotometric reading, which is inherent in the system. The use of cell-free extract may solve the problem, but that requires an additional step in the screening and is thus time consuming. Moreover, this demands special instrumentation (microplate reader), which can be avoided by visualizing the enzyme-catalyzed reaction using a suitable indicator. Hence, by compromising on the quantitative analysis, we chose to increase the throughput of the screen. Our goal is to use the method not for precise quantitation but for the screening of large numbers of microorganisms, allowing quick identification of organisms with desired enantioselectivity, discarding poor to moderate enantioselective organisms that will not be acceptable for the development of a biocatalytic resolution process. This fits the strategy of a hierarchical screen for the identification of best biocatalyst as one of the earliest steps and eliminates the weakest candidates for a more streamlined process viability study. 16 The screen was designed in such a way as to obtain the microorganisms with high yield and ee (%) values, which will have practical applications. To the best of our knowledge, this is the first report of its kind on a rapid colorimetric assay method for the enantioselective screening of nitrilases using whole cells. 
